Thrombocytopenia and pancytopenia, occurring in patients with Fanconi anemia (FA), are interpreted either as progression to bone marrow failure or as developing myelodysplasia. On the other hand, immune thrombocytopenia (ITP) represents an acquired and often self-limiting benign hematologic disorder, associated with peripheral, immune-mediated, platelet destruction requiring different management modalities than those used in congenital bone marrow failure syndromes, including FA. Here, we describe the clinical course of two independent FA patients with atypical -namely immune -thrombocytopenia. While in one patient belonging to complementation group FA-A, the ITP started at 17 months of age and showed a chronically persisting course with severe purpura, responding well to intravenous immunoglobulins (IVIG) and later also danazol, a synthetic androgen, the other patient (of complementation group FA-D2) had a self-limiting course that resolved after one administration of IVIG. No cytogenetic aberrations or bone marrow abnormalities other than FA-typical mild dysplasia were detected. Our data show that acute and chronic ITP may occur in FA patients and impose individual diagnostic and therapeutic challenges in this rare congenital bone marrow failure/tumor predisposition syndrome. The management and a potential context of immune pathogenesis with the underlying marrow disorder are discussed.
Introduction
Thrombocytopenia and pancytopenia are frequent hematologic manifestations of Fanconi anemia (FA) ascribed to a varying, increasing degree of congenital bone marrow failure and developing myelodysplasia. Treatment options range from none (observation) to therapeutic administration of androgens and, in case of transfusion dependence or signs of (pre-) malignancy, e.g., cytogenetic aberrations indicative of clonal evolution, hematopoietic stem cell transplantation. At least 17 genes are known to be involved in the pathogenesis of FA. Stringent genotype-phenotype correlations are rare in classical FA and have consistently only been observed for variant groups, e.g., FA-D1 and FA-N (1-3).
Immune thrombocytopenia (ITP) is observed as an acquired acute and self-limited benign post-or para-infectious or idiopathic cytopenia in otherwise healthy children that, if treatment is required, usually responds well to high-dose intravenous immunoglobulins (IVIG) and/or corticosteroids (4) . Chronic ITP may develop and indicate an underlying immune hematologic disorder (5) . Refractory chronic ITP with bleeding diathesis sometimes requires additional immunosuppressive or thrombopoietin agonist treatment, or splenectomy. We observed the clinical course in two patients with thrombocytopenia of immune origin in the context of FA. Here, we delineate the diagnostic and therapeutic challenges of this previously unnoticed concurrence and discuss potential implications.
Patients and Methods
Two patients who have been diagnosed, treated, and prospectively monitored for FA at pediatric hematology/oncology departments at the Medical University Graz and the Technische Universität München (TUM) were found to suffer from ITP in 2014. The data presented here were obtained by retrospective chart review. Laboratory tests were performed according to clinical needs and routine standard procedures. After mitomycin C-mediated induction of G2 arrest and chromosomal breaks and/or complementation group analysis for FA, genetic testing was performed by means of multiplex ligation-dependent probe amplification (MLPA) and exon-scanning sequencing of genomic DNA of all exons of FANCA (patient 1) and of FANCD2 (patient 2). Both patients are registered within the German registry for FA FAR01 of the German Society for Paediatric Oncology and Haematology (GPOH). The present study was performed upon informed consent in accordance with Declaration of Helsinki and approval of the responsible internal review boards.
Results

Patient Report 1
The first patient is a currently 3-year-old female, who was termborn and small for gestational age. Additionally to intrauterine growth retardation, other stigmata consistent with FA were present ( Table 1) . Diagnosis was confirmed in vitro by typical diepoxybutane-and mitomycin c-induced double strand break induction, G2 arrest, and a FANCA mutation (EX2_6del heterozygous, second mutation yet elusive). Esophageal atresia type IIIB required repetitive dilatation, until surgical intervention (Nissen fundoplication) at 17 months of age was undertaken. Prior to surgery, peripheral blood counts were stable within normal ranges. Baseline bone marrow evaluation had not been performed. Postoperatively, an isolated mild thrombocytopenia (minimum 70,000/µl) was observed. Platelet counts recovered spontaneously to near normal ranges (>100,000/µl) within the next months. A second abrupt and more pronounced platelet decline (23,000/µl) along with generalized petechial exanthema occurred 4 months later following anesthesia for an esophageal passage imaging study. Response to platelet transfusions was only transitory (Figure 1A) , and repeated platelet transfusions were given to control the purpura. However, a brief increase of platelet numbers was always followed by a rapid decline ( Figure 1A ). An evaluation for allogeneic stem cell transplantation and a donor search were initiated.
The early manifestation of thrombocytopenia in FA, refractory to administration of platelet concentrates, warranted a more in-depth hematological evaluation. Apart from reduced platelet numbers, peripheral blood counts and erythrocyte indices remained normal during the period of observation ( Table 1) . Surprisingly, bone marrow examination did not show bone marrow failure or myelodysplastic syndrome (MDS; Table 1 ). In contrast, it revealed a marrow of normal cellularity, a megakaryocyte count in the upper normal range, and only mild dysplasia of all three cell lines, considered "normal for FA". Neither signs of malignant infiltration and transformation to MDS were found, nor were any clonal chromosomal aberrations such as 1q+, 3q+, 7/7q−, 5/5q−, or trisomy 8 detectable. In the absence of a clinically apparent infection, PCR testing for HHV6, Parvovirus B19, CMV, and EBV from the bone marrow aspirate were performed with negative results. Assuming an immune-mediated mechanism IVIG were given, leading to an increase of platelets. Subsequently, the thrombocytopenia demonstrated a chronically persisting course with severe purpura, responding well to IVIG ( Figure 1A) . Anti-CMV IgG (analyzed before IVIG administration) and IgM were positive in blood sample, as was CMV nucleic acid in the urine (4-6 × 10 4 copies/mL, Table 1 ), suggesting the presence of or recent recovery from a CMV infection, which represents a potential trigger of immune-mediated platelet destruction. The patient received a total of three platelet transfusions and seven IVIG infusions (5 with 0.8 g/kg body weight and two infusions with 0.5 g/kg body weight) within the first 6 months after presentation with ITP, but signs of bleeding (dry and wet purpura) and recurring thrombocytopenia persisted ( Figure 1A) . A short attempt of corticosteroid treatment with dexamethasone led to moderate response (platelet increase from 24,000 to 91,000/µl) but was terminated by the parents after 4 days because of inacceptable temper changes of the girl. Treatment with danazol, a synthetic androgen, was initiated at 5 mg/kg/day 5 months after the onset of thrombocytopenia, which slowly led to a satisfactory response with regards to bleeding tendency and was accompanied by a platelet count stabilization between 40,000 and 140,000/µl. Thus, the need of interventional IVIG treatment was substantially reduced (n = 2 per 6 months versus 7 per previous 6 months; Figure 1A ). Side effects of danazol were weight gain (change of percentile from 10th to 25th within 9 months) and mood swings, both considered unspecific and tolerable for the patient by her family and treating physicians. Virilization or other endocrine abnormalities were not observed during the first 9 months of danazol treatment. The androgen dose could be reduced to 2 mg/kg after 6 months without change of platelet counts and will be further reduced if platelet counts remain stable. A recent follow-up bone marrow aspiration and trephine biopsy 1-year after the initial manifestation of thrombocytopenia showed no dynamics as compared to the previous analyses (not shown).
Patient Report 2
The second patient, a 7-year-old female was born on term with intrauterine growth retardation and multiple congenital abnormalities typical for FA. Furthermore, she failed to thrive ( Table 1) . A compound heterozygous FANCD2 mutation confirmed the diagnosis of FA (compound heterozygous for a 3-bp-deletion and a missense substitution at codon 815) (6) . Suddenly, at the age of 6 years severe thrombocytopenia (13,000/µl) was observed incidentally during a hospitalization for rotavirus gastroenteritis, while the red and white blood counts remained stable. Other (e.g., myelosuppressive) viral infections were ruled out serologically ( Table 1) . Similarly to the first patient, bone marrow aspiration and a trephine biopsy were performed immediately to verify suspected bone marrow failure, but no abnormalities other than FA-typical mild dysplasia, nor any cytogenetic aberrations were detected ( Table 1 ). In the absence of myelosuppression or marrow failure, further evaluation was directed toward immune pathogenesis of the low platelet count. Positive antiplatelet antibodies against GpIIb/IIIa corroborated the diagnosis of ITP. Thrombocytopenia resolved after a single infusion of IVIG (Figure 1B) , and platelet counts remained stable thereafter during 1 year after the initial presentation of ITP.
Discussion
The simultaneous occurrence of two diagnostic entities, that have the potential to affect the platelet count through different, apparently even reciprocal pathogenetic mechanisms, namely ITP and FA, raised both diagnostic and therapeutic challenges. While in one patient with a FANCA mutation, the ITP started at 17 months of age and showed a chronically persisting course with severe purpura, that responded to IVIG and synthetic androgen therapy, the other patient (with FANCD2 mutations) had a self-limited course that resolved after a single administration of IVIG. Other than FA-typical mild dysplasia, neither bone marrow abnormalities nor cytogenetic aberrations were detected. An association between platelet decline and anesthesia cannot be excluded in patient 1, because thrombopenia initially manifested shortly after gastroduodenoscopy in anesthesia. A complete blood count had not been analyzed immediately before general anesthesia. Three possible interpretations for the concurrence of ITP and FA may be discussed, which are pathogenetically relevant and have implications for decisions of further treatment options. First, the unusual combination of FA and ITP might be interpreted as coincidental -presuming that ITP developed independently from the underlying FA. ITP occurs in 5 of 100,000 children per year, and FA is the most common inherited bone marrow failure syndrome (IBMFS), frequently underdiagnosed in patients without phenotypic abnormalities (7, 8) . Additionally, ITP may be associated with CMV infection as present in the first patient (9, 10) . Following this hypothesis, the therapeutic approach to thrombocytopenia is supposed to adhere to the general recommendations for treatment of ITP. Accordingly, both reported patients demonstrate satisfactory response to IVIG, known as first line therapeutic option for ITP (4) .
Although its effectiveness is largely attributed to immunomodulating activity and considered an indirect evidence for an immune pathogenesis of an acute de novo thrombocytopenia, the exact mechanism of action of IVIG in ITP is still not entirely understood (11, 12) . Interestingly, one study suggests a possible enhancement of thrombopoiesis by induction of endogenous thrombopoietin production following IVIG administration (12) . Theoretically, in this case, platelet turnover might be positively influenced by IVIG both in ITP and FA. Currently, data for the efficacy of IVIG application in patients with FA are lacking. We did not treat patient 1 with thrombopoietin receptor agonists, because we generally aim to avoid hematopoietic growth factor administration in tumor predisposition syndromes. Patients with FA usually respond to treatment with androgens with an increase of erythropoiesis and, to a lesser extent, also thrombopoiesis (13) (14) (15) . Likewise, a therapeutic efficacy of danazol is known in chronic ITP and other autoimmune hematologic disorders (Evans syndrome, autoimmune hemolytic anemia) (15) (16) (17) (18) . The exact mechanism of action of synthetic androgens is unknown, but immunomodulation is suspected to be involved (15) .
Second, another explanation for the reported events could be that the underlying stem cell impairment facilitated or induced a subsequent immunologic reaction similar to that seen in refractory cytopenia of childhood and severe aplastic anemia (RCC/SAA) and thus, ITP might be considered "a feature of FA. " In this case, bone marrow transplantation would have to be considered an obvious therapeutic strategy like in MDS in FA (19) . Thrombocytopenia is a well-known first manifestation of beginning bone marrow failure in FA (19) , often associated with macrocytosis and progessive myelodysplasia. However, macrocytosis was absent as was myelosuppression in bone marrow analyses of both patients revealing normal cellularity, and even megakaryocytosis in the first patient. Additionally, none of the detected FA-associated gene mutations in our patients (FANCA and FANCD2 mutations) are typically linked to early transformation to MDS or malignancy such as, e.g., FANC IVS5 in Ashkenazi Jews, FANCD1/BRCA2, or FANCN mutations (20) (21) (22) (23) (24) . Furthermore, patient 2 recovered soon after a single dose of IVIG, and patient 1 repeatedly showed normalization of platelet numbers upon IVIG, indicating a healthy regenerative capacity. Thus, MDS or bone marrow failure was unlikely to be the cause of thrombocytopenia seen in the presented FA patients aged 21 months and 6 years.
Third, a more complex, multifactorial etiopathogenensis of thrombocytopenia might be suspected in FA patients. A toxic effect of preceding anesthesia in patient 1 and detected CMV in patient 1 and Rotavirus in patient 2 or another undetected viral infection triggering immunologic events might have more pronounced effects in the setting of a "weak" bone marrow predisposed toward dysplasia than in healthy bone marrow. While MDS is usually unresponsive to IVIG, danazol is frequently used to treat cytopenia in FA and Dyskeratosis congenita (19, 25) . Indirect evidence of immunoglobulin-supported remission of thrombocytopenia in patient 2 and the good response of platelet counts to IVIG (and later danazol) in patient 1, together with the only mild, benign bone marrow abnormalities described, support the hypothesis of an immune-mediated pathogenesis, but other contributing factors facilitating thrombocytopenia such as those mentioned cannot be excluded. Finally, in cannot be excluded that the administration of unmatched platelet concentrates in patient 1 (given three times within a short time frame after her first drop of platelet count) contributed to the immune pathogenesis and persistence of thrombocytopenia.
There is no evidence that complementation group or position or type of mutations in the present patients predisposed to ITP. Exome sequencing in a larger series of FA patients with ITP might unveil second gene variants as a basis for the association of these apparently coincidental clinical conditions.
Conclusion
Thrombocytopenia is a common event during the natural course of FA. Because it is usually ascribed to bone marrow failure in FA, occurrence of ITP in those patients might be missed or misinterpreted. Our data show that acute and chronic ITP may occur in FA patients, and regular ITP-directed (IVIG) or "FA-adapted, ITP-directed" treatment options (such as danazol) proved successful. In contrast to current guidelines for the treatment of ITP (4), we chose the synthetic androgen danazol for the long-term treatment of chronically persisting ITP in a 2-year-old girl with FA and observed good response with tolerable side effects. With 15 months follow-up, we did not identify ITP as precursor of MDS in two pediatric FA patients.
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